Linked social-ecological systems in which surprise and crisis are interspersed with periods of stability and predictability are inherently difficult to manage. This condition, coupled with the legacies of past management actions, typically leaves policy and decision makers few options other than to incrementally adapt and reinforce the current trajectory of the system. Decision making becomes increasingly reactive and incremental as the system moves from one crisis to another. Eventually the system loses its capacity to cope with perturbations and surprise. Using a combination of dynamicalsystems modeling and historical analysis, we studied a process of this kind as it developed in the Goulburn Broken Catchment in southeastern Australia over the past 150 years. Using the model to simulate trajectories of the biohydrological system, we correlate the state of the physical system to historical events and management action. We show how sequential management decisions have eroded the resilience of the system (its ability to cope with shocks and surprises) and reduced options for future change. Using the model in a forward-looking mode, we explore future management options and their implications for the resilience of the system.
INTRODUCTION
As complex nonlinear systems, the behavior of linked social-ecological systems (SES) can be unpredictable, and the effects of policy interventions can be highly uncertain. Surprise and crisis are regular occurrences. This uncertainty, coupled with legacies of past management actions, often leaves decision makers few options other than to reinforce the current trajectory of the system. Decision making becomes reactive and incremental as the system moves from one crisis to another (Gunderson 2001) . Management options become limited and typically involve significant trade-offs. Ultimately the system becomes vulnerable to external shocks. This cycle of declining biophysical productivity, leading to actions and institutional change directed at mitigating this decline, leading to yet further decline, is all too common (Perrings 1989) . Can this cycle be avoided?
We combine biophysical modeling and historical analysis to explore this question. This work is akin to historical institutional analysis, which seeks to understand both why societies evolve along distinct trajectories (Greif 1998 ) and why inferior institutions persist (North 1990 ). This approach relies on the careful analysis of historical cases to understand the dynamic interplay among economic drivers, technology, and institutional change. Ecological factors, however, are typically not considered. What is novel in our work is the emphasis on the role played by ecological and hydrological processes in structuring this dynamic process. We present a study of an agricultural region in southeastern Australia that demonstrates the effects of crisis-driven decision making. We show how institutional responses to ecological and hydrological change have constrained the current system and increased its vulnerability to shocks. We conclude with a discussion of strategies for future management that might increase the resilience of the SES under study.
BACKGROUND
The Case Study: Balancing Salt, Water, and Agriculture
The Goulburn Broken Catchment (GBC) in Victoria, Australia, covers approximately 2400 km 2 (200 km · 120 km) ( Figure 1 ). Precipitation ranges from 1200 mm/y in the southeast of the catchment to 400 mm/y in the northwest. The regional population exceeds 190,000, of which 65% reside in the Shepparton Irrigation Region (SIR). The regional economy, accounting for 25% of Victoria's export earnings, is based primarily on irrigated dairy, horticulture, and food processing. The GBC is made up of three broad geographic regions ( Figure 1 ):
The Shepparton Irrigation Region (SIR):
500,000 hectares on riverine plains in the lower catchment. Approximately 60% of this land area is irrigated. Native vegetation types have been reduced to less than 2% of their extent prior to European settlement. Roughly 88% of irrigated land is pasture for dairy production. Horticulture, vegetables, and other crops make up the remainder. Annual commodity output is worth approximately $1billion, with value add industries generating an additional $3billion. 2. Mid catchment: Riverine plains and low foothills between the forested highlands and the SIR. Less than 15% of the native vegetation cover, which provides important habitat for threatened flora and fauna species, now remains. Land use is dominated by broad-acre cropping and grazing, with minor areas of farm forestry, horticulture, and other crops. Given the area's proximity to Melbourne, land use is changing to ''life style'' farming. 3. Upper catchment: Large area comprised predominantly of public land above the major water storage in the catchment, Eildon Reservoir.
Total forest cover has remained relatively unchanged since European settlement. The main land uses are forestry, conservation, and recreation.
In the academic resource management literature, government communications, news media, and popular imagination in Australia, the term ''salinity'' has come to describe the combined processes of soil salinization, increased salt loads in surface drainages, damage to infrastructure, and associated social issues generated by rising saline water tables that threaten many regions. Prior to European settlement, the hydrological balance was maintained by deep-rooted woody vegetation. Replacement of 70% of this vegetation with shallow-rooted crops and pastures, along with intensive irrigation, has caused water tables to rise. Rising water tables mobilize salt stored in the soil. This salt then makes its way into the root zone, rivers, and streams. Salinity is a major threat to the long-term viability of the GBC. Annual economic losses are estimated to reach $100 million by 2020 if the problem is not addressed; 50% of remaining woodland habitat will be threatened; and 40% of wetlands will be impacted. A total of 56 threatened plant and animal species live in areas with high water tables (GBRSAC 1989) .
Analytical Perspective
The study of simple, coupled ecological and economic models using the tools of dynamic optimization has played a central role in the effort to better understand resource management problems. Early models of fisheries (Gordon 1954; Clark 1990 ) have been extended in many directions to incorporate complex ecological dynamics, uncertainty, and investment decisions (for example, Figure 1 . Map of the Goulburn Broken Catchment showing the major rivers and land-use types. SIR, Shepparton Irrigation Region. Clark and others 1979; Ludwig 1980; Ludwig and Walters 1982; Clark 1990; Beltratti 1997; Carpenter and others 1999) . The key message from this literature is the importance of discount rates and resource renewal rates (Clark 1973 ). High discount rates typically lead to overexploitation, whereas low discount rates can induce conservation. Most relevant to our study is the work of Carpenter and others (1999) on lakes.
What is novel and important in this work is the incorporation of ecological dynamics that include multiple regimes and thresholds. By coupling simple models of ecological and economic processes, the authors explore the policy implications of multiple regimes. The main insight is that more cautious policies are required to avoid welfare losses when there is the possibility of moving from one regime to another. The level of caution increases when managers are uncertain about the location of thresholds or there are time lags in policy implementation.
The GBC has much in common with lakes. In the GBC, there is a conflict between benefits from activities that generate ''loading'' (as in phosphorus loading in a lake) and the disbenefits generated by the effects of that loading on an ecosystem. In the GBC, loading is irrigation water rather than phosphorus, and the stock is salty groundwater rather than phosphorus in the water column and mud. Ecology links the stocks and flows in lakes, whereas hydrological dynamics create the link in the GBC. Like lakes, the GBC has multiple regimes: groundwater-at-depth (desirable) and groundwater-at-surface (undesirable), separated by a threshold.
An optimization problem very similar to that of Carpenter and others (1999) can be set up for the GBC, yielding very similar insights. Namely, lower discount rates imply lower levels of clearing and irrigation because the future cost of water tables reaching the surface (the analogue of a eutrophic lake) and associated salinity problems are more heavily weighted. As with lakes, there is considerable uncertainty about the response of the system to revegetation and reduction in irrigation. This uncertainty would lead to lower optimal levels of clearing and irrigation.
The explanation for the historically high levels of clearing and irrigation in the GBC derived from such a simple bioeconomic would therefore be a combination of three things: (a) land managers' discount rates were too high, (b) managers were naive about their lack of understanding of the system, and (c) the usual collective action problem obtained (that is, management occurred at the farm rather than catchment scale, and there were no incentives for cooperation to achieve catchmentscale management objectives). This explanation, however, is quite general. The thorough analysis of Carpenter and others (1999) applies with equal force to any system with conflicting services and complex ecological dynamics. This analysis allows one to determine why, in very general terms, an actual case was not optimal. The shortcoming of this analysis is that important details of system organization that structure economic interactions cannot be carefully considered.
The approach taken here appreciates that details do matter and path dependency is important (North 1990 ). We believe this adds considerable value by capturing institutional and social constraints to management action typically not considered in the approach outlined above. We combine a biophysical model not with an economic model, but rather with historical analysis. We are interested in how actual management actions affected the biophysical conditions, which then fed back into subsequent institutional arrangements and management actions. An understanding of this process provides important insights for resource management practice and complements the general insights derived from simple coupled economic and ecological models.
To structure our inquiry, we rely on several concepts from resilience theory; namely, ecological systems exhibit threshold behavior (see the many examples cataloged by Walker and Meyers 2004) , which is generally controlled by slow variables (Ludwig and others 1978, 1997; Walker and others 1981; Anderies and others 2002; Carpenter and Brock 2004) . Resilience theory also emphasizes that systems can move between phases of relatively stable, slowly increasing accumulation and connectedness, and chaotic, rapid phases of breakdown and reorganization (Holling and Gunderson 2002) . We do not claim that these concepts explain the historical evolution of the system. Rather, we use them as heuristics to help relate the analysis of the model to historical events and to generalize our findings.
ANALYSIS: BIOHYDROLOGICAL DYNAMICS AND INSTITUTIONAL CHANGE
The biophysical model of the GBC developed by Anderies (2005) Anderies (2005) .
Of central interest is the dynamic feedback among land use, resilience, management action, and institutional change. We contend that the interplay among these factors has caused the system to ''lock in'' to an unsustainable trajectory and has limited future management options. To explore this issue, we computed the resilience of the desirable system configuration (that allows for water-table-at-depth equilibria) as a function of vegetation clearing. Next, we computed the time at which the resilience of this configuration to exceptionally wet events fell to zero (basin size shrinks to zero). We then used the model to assess the impact of the exceptionally wet event in the 1970s on the system and explored how the crisis induced by this event could have been avoided. Finally, we assessed the impact of this event on the evolution of institutions in the region and the effect of the induced institutional structure on possible future trajectories from the mid 1970s onward.
Rare Events and Crisis
In the 1970s, exceptionally heavy rain generated a crisis in the GBC when water tables rose to the surface in many places. We refer to this event as a ''crisis'' because of the scale of the economic loss experienced by those who lost crops and the fact that even though some of them were well aware of the rising water tables and their consequences, farmers and government agencies were mostly oblivious and water tables reaching the surface came as a real surprise. Estimates were that if nothing was done, high water tables could have destroyed the economic base of the region. Under the conditions extant prior to European settlement, however, such a wet period would not have generated a crisis. To explore the relationship between land-use change and vulnerability, we reconstruct the historical depth of the water table in the lower catchment using actual rainfall data. We compare three scenarios: (a) actual rainfall, (b) average rainfall, and (c) actual rainfall with key rare events removed to illustrate the effect of rare events and their relation to loss of resilience.
Data on clearing levels and irrigation efficiency over time are scarce. We make rough estimates by combining historical records (Garran 1886 ) and recent survey data (GBCMA 2000) for the lower catchment and assume that clearing in the mid catchment proceeded somewhat more slowly because the area is less suitable for intensive agriculture. We assume that clearing occurs at a constant annual percentage rate (which generates an exponential decline in vegetation cover) chosen to roughly match the few available historical data points ( Figure 2 ). Similarly, we assume that irrigation efficiency (the proportion of irrigation water applied that is actually used by crops) increased at a constant annual rate until stabilizing at the present level of 90%. Using this scenario, the historical trajectory of the system from 1860 to 2003 was reconstructed. Although there are six state variables, we focus on the depth to the water table in the lower catchment, where the crisis was most severely felt ( Figure 3) .
Comparison of the trajectories that result from the precipitation patterns in Figure 3b enables the effects of exceptionally wet periods ( Figure 3a inset) to be isolated. Several points emerge:
The interaction between fast and slow variables becomes apparent when average and highly Figure 2 . The triangles show data points for the percentage of native vegetation cover. The downwardsloping dotted and dashed curves show simulated native vegetation levels based on clearing at a constant, proportional annual rate (which generates an exponential decline in the vegetation cover). The total cleared area in the lower catchment is the sum of irrigated (roughly 70%) and dryland agriculture and grazing areas (roughly 30%). Cleared area in the mid catchment is due entirely to dryland agriculture and grazing. The upwardsloping dash-dot line shows the simulated evolution of irrigation efficiency (percentage of irrigation water actually used by crops).
fluctuating conditions are compared. The difference prior to 1920 is negligible. The groundwater system (slow variable) smoothes the highly fluctuating rainfall patterns (fast variable). Only sustained deviations from average conditions impact groundwater dynamics. During the exceptionally dry period from the mid 1920s to the mid 1940s, the water table rose less than under average conditions (solid curve falls below dashed curve). The water table increased much faster than the average during the extremely wet period from the late 1940s to the late 1950s (inset in Figure 3a ; solid curve rapidly crosses back above dashed curve). Finally, the wet period from 1968 to 1975 caused another sharp rise in the water table that precipitated the water table crisis in the mid 1970s. If these sustained deviations in precipitation had occurred when the water table was deeper, it is likely that they too would have eventually been integrated out. As the water table neared the surface, these fluctuations became more important. Regardless of rainfall patterns, the clearing in the catchment was unsustainable. A comparison of the time when the water table would have reached the surface without wet periods (1984) , with the time when it actually did (1973) shows that the crisis was brought forward 11 years. Although this difference is insignificant on hydrological time scales, it is significant on human time scales.
We turn now to the historical record to explore the conditions leading up to this crisis and the impact it had on the subsequent organization of the system.
Self-organization and Adaptability: Response to Crisis
Setting the Stage. The ''surprise'' of the water table crisis was, in fact, the inevitable culmination of a sequence of events. Slow hydrological dynamics meant that feedbacks between clearing and water tables became apparent only when they rose above a critical threshold and impacted production. The severity of this water table crisis was the impetus for a period of reorganization in the GBC that coincided with a range of social and institutional reforms at the state and federal scale and transformed the management and utilization of natural resources in Australia (Langford and others 1999) .
Common sense suggests that responses to such a crisis would involve enhancing the capacity of the system to cope with such shocks. We contend, however, that the responses reduced intervention options and further increased, rather than decreased, the system's vulnerability to shocks. Understanding such a response requires knowledge of the critical processes and events that led up to the crisis. These events comprised two phases:
Phase I: Early attempts to develop local irrigation infrastructure highlighted how vulnerable the system was to environmental variation. This gave rise to a perceived need for centralized control. Irrigated agriculture began in the 1870s with local water trusts along major rivers. The trusts soon failed due to poor management, insufficient infrastructure, and a run of severe droughts (Langford and others 1999) . The state government responded with legislation that vested ownership of all stream and river flows to the state government, established a centralized body to oversee water resources, tied water allocations to land, and required farmers to pay a set annual fee for water delivery (Barr and Carey 1992; Langford and others 1999) . The state thus established its central role in the development of irrigation in the region. Phase II: A nation-building ideology coupled with particular environmental and social conditions provided motivation for the development of massive irrigation infrastructure that would never generate net economic benefits (after accounting for its true cost) (Quiggin 1988) . The state intervention in Phase I enabled a period of stable growth in irrigated agriculture and food processing from 1900 to 1950. The exceptional dryness during this period generated significant lobbying on the part of irrigators for additional infrastructure. This resulted in a 700% increase in storage capacity in the GBC. Concurrently, disastrous effects of droughts across the nation, and the need to attract skilled labor to Australia gave rise to the Snowy Mountains Scheme. Begun in 1949 and completed in 1974 with funding from the Commonwealth government, the immense project diverts water from the Snowy River to the Murray Darling Basin in which the GBC is located.
The Crisis. The stage was now set for the crisis and the subsequent response. Unlike 1900-50, the period from 1950 to 1975 was exceptionally wet. The heavy national investment in irrigation infrastructure during Phase II encouraged low-value, high water-use activities (dairy) and left little incentive for efficient water use (Langford and others 1999) (because water was priced below its true cost). Meanwhile's little attention was paid to the underground, largely invisible, problems to come.
Historical water table depths were estimated at between 20 and 50 m. Although high water tables were observed in the 1930s and 1940s, they were highly localized and were attributed to soil types and drainage problems rather than rising regional water tables (GBRSAC 1989) . High rainfall and inefficient irrigation practices caused rapid water table rise in the mid 1950s, removing the ''depthto-water-table'' buffer across large areas of the irrigation region.
Extreme rainfall during 1973-74 caused the water table to rise rapidly into the critical zone (2 m below the surface) across more than a third of the region, reducing dairy production and severely impacting high-value horticultural crops. Subsequent investigations revealed that more than half of the irrigation region (274,000 ha) was at risk due to high water tables (GBRSAC 1989) . Not only had water tables risen, they mobilized salt deposits and thus made much of the groundwater unsuitable for irrigation or domestic use. The problem was further exacerbated by the irrigation infrastructure itself, which both transports 100,000 tons/y of salt from the mid catchment to the lower catchment via irrigation water and leaks directly to the groundwater system (Bethune and others 2004; Sampson 1996; Surapaneni and Olsson 2002; GBRSAC 1989 ).
The Response. Wet phases in the 1950s and 1960s and early 1970s accelerated water table rise by more than a decade, turning a gradual, insidious threat into a crisis (Figure 3a ). Dairy and horticultural production and processing underpinned approximately half the regional economy, and the realizatoin that these activities were under threat had an immediate impact on local communities. A consequence of Phase II processes was to elevate irrigation infrastructure to the national level and link hydrological processes at very large scales. This meant a ''whole of catchment'' response was required. Community leaders prepared an integrated catchment management plan based on community decision making, with costs apportioned according to private and public benefits.
The state government responded by introducing new institutions and devolving responsibility for management to regional communities. Concurrent reforms in the state water management agencies and the appointment of an interstate commission to manage the Murray Darling Basin created the larger-scale institutional framework in which the GBC now operates (Langford and others 1999) . The formation of the Murray Darling Basin Commission (MDBC) established a mechanism for community groups to access federal resources for large-scale infrastructure development (see http:// www.mdbc.gov.au/). The region now operates within a three-way partnership among the community, local government agencies, and state and national agencies (Barr and Carey 1992; Christen and van Meerveld 2000; Langford and others 1999) .
These reforms, essentially at the national scale (see http://www.ndsp.gov.au/ and http://www. napswq.gov.au/), have had several effects. Although irrigation practices have improved markedly, there is a limit to water-use efficiency because some leaching of irrigation water (approximately 10%) through the root zone is required to prevent salt buildup. In areas where local soil types enable groundwater pumping, water tables have been lowered considerably. However, disposal of saline water then becomes a problem (Christen and van Meerveld 2000; Langford and others 1999) . Some of it can be used to irrigate pastures, but this practice ultimately concentrates salt in the groundwater. When groundwater is too saline for irrigation, it can be disposed of in the Goulburn River, a tributary of the Murray. However, the current salt quota specified by state and federal agencies is inadequate under wetter conditions, forcing the use of evaporation basins. Although costly and spatially limited, the restoration of perennial vegetation can be a viable option to lower water tables.
Due to drier-than-average rainfall patterns since the late 1970s, water tables began to fall in the mid 1990s (Power and others 1999) . Nonetheless, water tables across the region are still sufficiently high that relatively short periods of exceptional rainfall could cause them to cross the critical 2-m threshold (Figure 3a and b) . Although improved water-use efficiency and engineering solutions will continue to provide benefits, they cannot reestablish a significant buffer to guard against wet phases (Power and others 1999) . The only viable long-term options are groundwater pumping and significant revegetation.
This historical narrative highlights a very important point: The community-developed management plan did not emphasize revegetation but instead generated more complex, large-scale institutional structures to manage an increasingly sensitive system based on enhanced efficiency and engineering solutions. The catchment community responded to the crisis by asking ''What must be done to keep irrigated dairy running?'' rather than ''Is irrigated dairy a reasonable use of natural resources in the GB, given inevitable biohydrological changes that will reduce the ability of the system to cope with minor change? And if not, what changes would move the region toward a more suitable economic basis while simultaneously managing the economic disruption during the transition?'' Land-use Patterns, Groundwater Pumping, and Resilience Several specific questions emerge from this historical analysis. When did the GBC SES lose the capacity to cope with wet periods? What implications did this have for the evolution of institutions? What mechanisms might have enabled the GBC SES to cope with shocks and what are their costs? The simple dynamic model developed by Anderies (2005) enables us to explore these questions. With the use of this model, the size of a perturbation that the system can tolerate (that is, its resilience) can be determined by computing the size of the desirable basin of attraction as a function of key landuse parameters. The hydrological model has two stable equilibria: (a) water table below ground level; and (b) water table at the surface. Each equilibrium is characterized by a different set of dynamic processes. The first is dominated by precipitation, balanced by healthy evapotranspiration and leakage from the groundwater system to surface drainages. The second is dominated by the positive feedback loop among rising water tables, increased salt concentration due to evapotranspiration near the surface, and the subsequent reduction of transpiration capacity, leading to increased rates of water table rise (see online appendix at http://www.Springerlink.com//Anderies [2005] ).
A natural threshold emerges between the system states in which one of the two sets of processes dominates the dynamics. Mathematically, this threshold takes the form of an unstable equilibrium (Figure 4) . Figure 4a shows the stable (heavy lines) and unstable (light line) equilibria as a function of the percent of native vegetation cleared in the mid catchment (lower catchment native vegetation cover remains at 100%). Figure 4b is the analogue for clearing in the lower catchment. Increased clearing decreases the distance between the desirable equilibrium and the unstable equilibrium. This distance is a measure of the resilience of the system. Beyond a certain point, the desirable equilibrium vanishes, leaving only the undesirable one.
Because they are hydrologically connected, the level of clearing for which the desirable equilibrium vanishes in the lower catchment depends on the level of clearing in the mid catchment and vice versa. To determine the land-use patterns for which the desirable equilibrium exists, the joint levels of clearing beyond which the desirable equilibrium vanishes must be computed ( Figure 5 ).
For combinations of clearing in Region A in Figure 5 , there is an equilibrium with the water Loss of Resilience, Crisis, and Institutional Change table at depth in both the mid catchment and the lower catchment. For combinations in Region B, the equilibrium water table will be at the surface in either the mid, lower, or both catchment areas. The further the system is below and to the left of the boundary between these regions, the higher its capacity to absorb extremely wet periods. At the boundary, the size of the desirable basin of attraction shrinks to zero, and the system has lost its capacity to absorb perturbations.
The superimposed curve shows a simulated historical clearing trajectory. Each point on the curve represents the level of clearing in the mid and lower catchments for a given time t. The curve, beginning at the origin (no clearing) in 1860 and ending at the black circle in 2000, is constructed by reading a series of values for native vegetation cover from Figure 2 as time increases. Subtracting each of these values from 100 yields the percentage of land that has been cleared. These values are then plotted in Figure 5a . The point at which the historical clearing trajectory leaves Region A is marked with a white circle. At this point, the mid and lower catchments are 18% and 22% cleared, respectively. Referring back to Figure 2 , we see that the boundary is crossed roughly 12 years after clearing began (native vegetation reaches 82% in the mid catchment). Note that the system is more sensitive to clearing in the mid than the lower catchment (Region A is taller than it is wide).
Care must be taken in interpreting these results. Because of slow hydrological dynamics, entering Region B does not necessarily imply that water tables will reach the surface. The system must be held in Region B sufficiently long (more than 100 years) to reach equilibrium. There is a lag between the time when the system enters Region B and the time when it becomes locked into the undesirable basin. Before the system gets locked in, replanting can move the system back toward Region A (Figure 5b) , and groundwater pumping can increase the size of Region A (Figure 5b) . Thus, the groundwater system provides part of the capacity to absorb perturbations (Region A in Figure 5a ), while the human system (potential to move along the trajectory in Figure 5b and increase the size of Region A) provides the other. To address the question of when Figure 4 . a Equilibrium depth to water tables in both the mid (top graph) and lower (bottom graph) catchments as a function of the proportion of cleared land in the mid catchment when the lower catchment is left uncleared. b Analogue of a as a function of the proportion of cleared land in the lower catchment when the mid catchment is left uncleared. The heavy curves are stable equilibria; the light curves are unstable equilibria. The arrows indicate the movement of the water tables if perturbed away from equilibrium. At point A (about 9% cleared), perturbations will return to equilibrium. At point B (about 17 % cleared), small perturbations still return to equilibrium, but larger perturbations can cause the system to move to the equilibrium with water tables at the surface. At C, the system inevitably tends toward this undesirable state. Points at D, E, and F are analogues for clearing in the lower catchment.
(and if) the SES lost its capacity to cope with wet periods, we must consider these factors.
Finally, we must account for momentum in the groundwater system. Even if, for example, a pumping and revegetation program were initiated to expand Region A and move the system to the point marked with the star in Figure 5b , the water table may still reach the surface. This is because the points in Region A describe system behavior near equilibrium. Different conditions are required to restore equilibrium than to maintain it. In the next section, we combine these insights with historical data to explore the potential of different management options to prevent a water table crisis like that during the 1970s and their implications of these options for future management.
RESILIENCE IMPLICATIONS OF CURRENT INSTITUTIONAL ARRANGEMENTS
The simple management options we explore are: pumping only; cessation of clearing, enabling natural regeneration (no revegetation); active revegetation; and a combination of pumping and revegetation. The key question is under what conditions each of these options can prevent the water table from reaching the surface.
Pumping affects the location of the boundary of Region A in Figure 5 . The present pumping rate in the lower catchment of 100 gl/y (gl = gigaliters) expands Region A, as shown in Figure 6a . However, pumping in the lower catchment alone does not compensate for clearing in the mid catchment, even if it is increased well beyond present levels. The light gray region in Figure 6a shows that pumping twice the present amount (200 gl/y) in the lower catchment increases the level of tolerable clearing in the mid catchment by only 3%. To capture the present location of the system (black circle in Figure 5 ), Region A must expand appreciably in both the directions. To accomplish this, pumping must be undertaken in both the mid and lower catchments (Figure 6b ). In this case, pumping 200 gl/y in both the mid and lower catchments, combined with approximately 15% revegetation in the mid catchment, Figure 5 . a Possible equilibria as a function of clearing in the lower and mid catchments. The cross-hatched region marked ''A'' represents all levels of clearing for which the equilibrium will be stable and non-zero (equilibrium water table will be below the surface). In the region marked ''B'', the equilibrium water table will be at the surface. The superimposed curve represents a simulated historical clearing trajectory. The historical trajectory leaves Region A at the white circle labeled on the diagram. b Effect of pumping and revegetation on the system. Pumping expands the size of Region A; revegetation moves the system back toward the origin. would move the system to a water-table-at-depth equilibrium.
There are, unfortunately, problems with pumping. First, because of soil type constraints, groundwater can be pumped in only 30%-40% of the catchment. Second, pumping saline groundwater generates significant salt loads. Under present institutional arrangements, the GBC is severely limited in the amount of salt it is permitted to export from the catchment. Other means to dispose of the salt would have to be devised.
Revegetation, on the other hand, reduces groundwater levels without generating additional salt, but it takes time and there is a significant lag before benefits are realized. Further, there are initial costs in the form of decreased surface water yield. To explore revegetation as a policy option, we looked at two cases: cessation of clearing with either (a) natural regeneration only or, (b) active revegetation. The key question is at what water table depth would actions have to be taken to prevent the water table from reaching the surface in the lower catchment. Figure 7 contrasts the actual clearing history with three scenarios for natural regeneration only. Each scenario relates to the water table depth, D * , at which action is taken (for details of the simple feedback management model see online appendix at http://www.Springerlink com). Figure 7a shows the percent area cleared in the lower catchment for each of the three scenarios overlaid on the actual clearing history. These scenarios show that to prevent water tables from reaching the surface, clearing would have to stop about 70 years after it began. Also, the system is very sensitive to the timing of management action. When D* = 9, clearing stops about 8 years later than when D* = 10.4. However, in the former case the water table reaches the surface in 2006 ( Figure 7b) ; whereas in the latter case, it never does. The point is that history matters; a small delay can make a huge difference. The ''kink'' in the clearing curves is caused by water tables nearing the surface, increasing natural tree mortality and causing the ''cleared'' area to increase. The D* = 10 case highlights an important aspect of the dynamics of complex systems such as this one. Note that although the percentage of cleared area returns to Region A (Figure 6 ) around the year 2030 (suggesting that the intervention has been successful), the water table nevertheless reaches the surface about 30 years later. Although the system was on its way back to the water-table-at-depth basin of attraction, it did not make it before it fell into the water-table-at-surface equilibrium. (Think of navigating a ridge between two valleys that moves beneath your feet.) This is an example of a hysteretic effect: to reenter the desirable basin of attraction, a larger area of native vegetation is required than when the system left the safe basin.
The management implication of this hysteretic effect is that inaction (often the most politically palatable way to deal with uncertainty) can be fatal. To complicate matters, other historical factors serve to limit options. For example, in the scenario depicted in Figure 7 , 80% of the lower catchment would have to be returned to native vegetation by 2050. Given past investment in irrigated agriculture, this is not likely achievable. Given that stopping the clearing (early enough) has been eliminated from the feasible set of options, what options are left?
Consider an active revegetation scenario characterized by how early, how fast, and how much total area society is willing to revegetate. Supposing that society is willing to revegetate all the land area (as in the stop-clearing scenario) at a maximum rate similar to the historical annual clearing rate (3%, which is highly optimistic), it can wait to take action until D 2 = 5.5 m (Figure 8a , solid curve). This enables clearing to continue for about 33 years longer than in the stop-clearing scenario. This extra clearing comes at the expense of a very aggressive revegetation program at a later date. This scenario requires that the lower catchment be completely revegetated and remain so from the mid 1980s until roughly 2100. Again, past investments in irrigation infrastructure make this unlikely. As the amount of land that society is willing to revegetate decreases, the earlier it must act. If society is willing to revegetate only 65% in the lower catchment, taking action when D 2 = 10 (as a point of comparison to the stop-clearing scenario) causes the water table to reach the surface in 2138 (Figure 8a , dotted curve). Thus, rapid revegetation of up to anything less than 65% of the catchment area will not solve the problem. Feasible options must include pumping.
It is thus no surprise that present policy focuses on establishing a new equilibrium through pumping; past events and (in)actions have closed off the other options. The model shows that even with absolutely no revegetation, if society is willing to pump 250 gl/y out of the lower catchment starting when the water table reaches 7 m, the water table can be prevented from reaching the surface (if no pumping occurs in the mid catchment, the water table will eventually reach the surface in the mid catchment but only after such a long period as to be irrelevant to this discussion). The longer society waits, the more it must be willing to pump (for example, reacting when the water table reaches 3 m requires pumping approximately 420 gl/y to prevent the water table from reaching the surface). The perspicacious reader may recognize from Figure 6 that a lower pumping level should establish a water-table-at-depth equilibrium (300 gl/y would cover the entire parameter space). However, Figure 6 gives the parameter values required to maintain a water-table-at-depth equilibrium, and it requires that all state variables be at their equilibrium values. More drastic action is required to drive the system to the desired equilibrium than to maintain it there. The additional effort is required to overcome the momentum of the groundwater dynamics and prevent the system from being ''sucked'' into the water-table-at-surface equilibrium. Consider the following analogy: It is much easier to hold a bowling ball above ground than to prevent one that has fallen 10 m from hitting the ground. The pulling power of this equilibrium is evident from the dramatic increase in the rate at which the water table moves toward the surface when the water table depth approaches 2 m (D* = 9 and D* = 10 in Figure 7b ).
This suggests that pumping alone provides a precarious solution. Even if a new equilibrium is established with the water table between 3 and 5 m, a wet phase could cause the system to be pulled into the water-table-at-surface equilibrium. However, economic and historical contingencies have left few alternatives to pumping. We conclude with one last scenario: Suppose society is willing to revegetate up to 30% of the lower catchment and to pump at the rate necessary to stabilize the water table. Society reacts when D 2 = 3. How important is revegetation?
In Figure 8b , a scenario with revegetation is compared to one without it. The lower two curves show the pumped volume in teraliters per year. The dash-dot pumping curve corresponds to the Figure 8 . a Two revegetation scenarios overlaid on the actual clearing history and the stop-clearing scenario with no revegetation (dashed line). The solid line corresponds to the case where there is no limit on society's willingness to revegetate. The dotted line represents the case when society is willing to revegetate only up to 65% of the total. b Two pumping scenarios, one with revegetation (dash-dash-dot) and one without revegetation (dash-dot). The corresponding cleared-area levels are shown by the solid (no revegetation) and dashed (revegetation) lines and are overlaid on the actual clearing history.
solid clearing curve (no revegetation), whereas the dash-dash-dot pumping curve corresponds to the dashed clearing curve (revegetation). Although revegetation does not play a significant role early on, after about 30 years it cuts the pumped volume required to stabilize the water table almost in half. Given the salt load implications, this is significant. Unfortunately, there are few economic incentives to revegetate even this small amount.
MANAGING RESILIENCE IN THE REAL WORLD
The preceding scenarios suggest that drastic management actions may be required to prevent water tables from reaching the surface and thus show how few options decision makers really have. The GBC community is now dealing with the results of complex interactions among historical decision making, political economy, social values, climate variability, and biophysical processes that together directed the system onto an unsustainable trajectory soon after European settlement and the beginning of agricultural development. The collapse of water trusts and the period of legislative reform during the early 1900s, the postwar closer settlement schemes, and the reform period in the mid 1980s were all opportunities for transformative change in the institutional framework. In contrast, Figures 3, 7 , and 8 suggest that there were different windows of opportunity to control the key biophysical drivers in the system. If some of these institutional and biophysical windows had opened simultaneously, transformative change to a more sustainable trajectory might have been possible.
Although historical opportunities are easy to identify a posteriori, transformative change is difficult to implement. When presented with an opportunity for dramatic change in the 1970s, the GBC community chose instead to continue with the current production systems and attempt to manage the system to a new hydrological equilibrium (GBRSAC 1989; SPAC 1989) . The local community, farmers, and government alike have supported this approach in which they together have invested on the order of $A500 million (Christen and van Meerveld 2000) . Although this investment has delayed the impact of rising water tables, the system now sits perilously close to a number of important ecological, social, and economic thresholds.
A shift back to wetter rainfall patterns would increase the risk of a second, and potentially more serious, water table crisis (Power and others 1999) .
Sunk costs have locked the system into the current approach, and decision makers are highly reluctant to take another course. Groundwater control is a trade-off among economic, social, and environmental costs, and options are becoming increasingly limited (GBRSAC 1989; SPAC 1989) . Importantly, these problems are not uniform in extent and severity across the landscape. Local hydrology, soil types, topography, and past and current land use all play a role in determining spatial and temporal expression of the impacts which will be borne more by some industries and local communities than others. In fact, because of this heterogeneity, a water-table-at-surface equilibrium will not eliminate all agricultural production. The exact proportion (determination of which would require a finer-scale analysis) will be crucial in determining whether a viable agricultural industry can persist. Ironically, farms higher in the landscape on more ''leaky'' soil types will remain relatively immune, even though they are major contributors to groundwater recharge (GBRSAC 1989) . The influence of this heterogeneity on the future of the system is unclear, but it could create significant stress for various communities and industries.
The catchment community has very little influence over salt quotas. Political or social changes at the state or national levels could alter present arrangements and make pumping-based strategies look far less attractive. Alternative disposal options, such as evaporation basins, are expensive, cannot be developed quickly, and are unattractive. In addition, the potential for pumping as a solution is limited to specific hydrological and geological conditions, which are currently met by less than half the irrigation region (GBRSAC 1989; SPAC 1989) . Revegetation may be a viable option, but the opportunity costs are high, response times are slow, and there is little incentive for native revegetation. In areas with saline groundwater, trees accumulate salt in the upper soil layers (by transpiring water and leaving salt behind). This severely inhibits growth and makes agroforestry uneconomical (Heuperman 1999) . Simply taking land out of irrigation is not a solution and may, in fact, be more costly in the long run. Without the flushing action of irrigation, when water tables get within 2 m of the surface, salt accumulates in the upper soil profile through capillary action. The land becomes virtually useless for production, and the saline soil and water tables impact infrastructure such as buildings and roads, thus limiting other uses (Bethune and others 2004a; Sampson 1996; Surapaneni and Olsson 2002) .
